The immunogenicity and protective efficacy of a live attenuated vaccine consisting of a recombinant severe acute respiratory syndrome (SARS) coronavirus lacking the E gene (rSARS-CoV-⌬E) were studied using hamsters. Hamsters immunized with rSARS-CoV-⌬E developed high serum-neutralizing antibody titers and were protected from replication of homologous (SARS-CoV Urbani) and heterologous (GD03) SARS-CoV in the upper and lower respiratory tract. rSARS-CoV-⌬E-immunized hamsters remained active following wildtype virus challenge, while mock-immunized hamsters displayed decreased activity. Despite being attenuated in replication in the respiratory tract, rSARS-CoV-⌬E is an immunogenic and efficacious vaccine in hamsters.
Severe acute respiratory syndrome (SARS) is a respiratory illness caused by a novel coronavirus, SARS-CoV, which emerged in late 2002 and spread globally to infect 8,096 people, resulting in 774 deaths (World Health Organization; http://www.who.int/csr /sars/country/table2004_04_21/en/index.html). Since the initial outbreak, there have been few sporadic cases of communityacquired and laboratory-acquired infections. Masked palm civets were identified as carriers of SARS-CoV (5) and horseshoe bats carry a SARS-CoV-like virus (6, 7) , suggesting that a future outbreak would likely originate from an animal reservoir. The threat of another SARS-CoV outbreak emphasizes the need for vaccines and continued research on the prevention and treatment of SARS-CoV. In the absence of ongoing human infections, these experiments must be conducted with relevant animal models. Several vaccine strategies are in development, including inactivated virus, subunit, virus-like particles, DNA, vectored, and reverse genetics-engineered vaccines (4, 8) . In this study, we examine the immunogenicity and efficacy of a live-virus vaccine by use of an engineered SARS-CoV with the structural E gene deleted in the Golden Syrian hamster model. This model supports viral replication and associated pathology in the lungs, and infected animals display reduced activity.
An infectious cDNA clone of SARS-CoV (Urbani) was assembled as a bacterial artificial chromosome (1) and a virus lacking the E gene (⌬E) was engineered as previously described (2) . Recombinant SARS-CoV-⌬E (rSARS-CoV-⌬E) was restricted in replication in vitro and in vivo (2), prompting us to evaluate the immunogenicity and efficacy of this virus as a live attenuated vaccine in hamsters. The attenuated rSARS-CoV-⌬E vaccine was compared with mock infection and rSARS-CoV infection by use of 7-week-old male Golden Syr-ian hamsters [LVG (SYR); Charles River Laboratories, Wilmington, MA] that were intranasally inoculated with 100 l of 10 3 ϫ the 50% tissue culture infectious dose (TCID 50 ) of rSARS-CoV or rSARS-CoV-⌬E or with medium only as previously described (2) . Sera were collected from the hamsters before immunization and on day 28 after immunization; twofold dilutions of heat-inactivated sera were tested for the presence of antibodies that neutralized the infectivity of 100 TCID 50 of SARS-CoV in Vero cell monolayers as described previously (10) . The immunogenicity and efficacy of the rSARS-CoV-⌬E vaccine were evaluated using the homologous virus, SARS-CoV Urbani, as well as a heterologous rSARS-CoV bearing the spike (S) protein gene of the GD03 virus (3). Similar titers of neutralizing antibodies were elicited by rSARS-CoV and rSARS-CoV-⌬E against the homologous and heterologous strains of SARS-CoV (Table 1 ). In both cases, neutralizing antibody titers against the homologous virus were higher (five-to eightfold) than those against the heterologous virus, as reported earlier (3) .
About 4 weeks after immunization, hamsters were challenged intranasally with 100 l of 10 3 TCID 50 of the homologous SARS-CoV Urbani or the heterologous rSARS-CoV GD03 strain. Four hamsters per group were sacrificed at two time points after challenge (2 and 5 days) and their lungs and nasal turbinates (NT) were harvested to determine the level of virus replication and for histopathological examination. These time points were selected because peak SARS-CoV titers in the lungs of hamsters occur on day 2 postinfection and histopathological findings are most prominent on day 5 postinfection (9) . Virus titers for 10% (wt/vol) tissue homogenates were determined for Vero cell monolayers as described previously (10), and virus titers were expressed as TCID 50 /g of tissue, with a lower limit of detection of 10 1.5 TCID 50 /g.
Intranasal immunization with rSARS-CoV-⌬E and rSARS-CoV provided complete protection from pulmonary replication of homologous challenge virus, while this virus replicated to titers of 10 7.1 and 10 7.2 TCID 50 /g in the lungs of mockimmunized hamsters on days 2 and 5 postchallenge, respectively ( Fig. 1 ). The challenge virus replicated to titers of 10 8.7 and 10 6.6 TCID 50 /g on days 2 and 5 postchallenge, respectively, in the NT of mock-immunized hamsters (Fig. 1A) . In contrast, virus titers of between 10 3 and 10 5 TCID 50 /g were observed for the NT of the rSARS-CoV-and rSARS-CoV-⌬E-immunized hamsters on day 2 postchallenge, a significant reduction (10,000-fold) compared to the titers for mock-immunized hamsters (P Ͻ 0.05); moreover, challenge virus was not recovered from the NT of the rSARS-CoV-and rSARS-CoV-⌬E-immunized hamsters on day 5 postchallenge, indicating that the virus replicated to low titer and was cleared quickly from the upper respiratory tract of immunized hamsters compared to what was seen for mock-immunized hamsters.
The heterologous GD03 virus replicated to high titers of 10 7.3 and 10 5.6 TCID 50 /g in the NT and 10 5.8 and 10 5.5 TCID 50 /g in the lungs of mock-immunized hamsters on days 2 and 5 postchallenge, respectively. In contrast, the lungs of hamsters immunized with rSARS-CoV-⌬E and rSARS-CoV were completely protected from replication of the GD03 virus, and the challenge virus was cleared by day 5 postchallenge from the NT (Fig. 1B) .
The lungs of two hamsters per group harvested on days 2 and 5 postchallenge were fixed in 10% formalin and processed for histopathological examination and immunohistochemical analysis as described previously (10) . Mock-immunized hamsters had focal antigen staining in the trachea (not shown) and mild to moderate, focal to diffuse inflammatory infiltrates in the lungs on day 2 and focal intense inflammatory infiltrates ( Fig. 2D ) and scattered antigen staining on day 5 following challenge with SARS-CoV Urbani (not shown). In contrast, hamsters immunized with rSARS-CoV or rSARS-CoV-⌬E had only focal mild inflammatory infiltrates on days 2 and 5 following challenge with homologous virus (Fig. 2) , and viral antigen was not detected in the lungs (not shown). On days 2 and 5 following challenge with the heterologous virus GD03, focal to diffuse, mild to moderate infiltrates were noted in the lungs of mock-immunized hamsters. Focal moderate infiltrates were seen in the lungs of one hamster immunized with rSARS-CoV-⌬E on day 2, but significant pulmonary inflammatory infiltrates were not seen on day 5 postchallenge. Pulmonary inflammation was not seen on day 2 or 5 when hamsters immunized with rSARS-CoV were challenged with the GD03 virus (not shown).
In order to determine whether hamsters became less active following infection with SARS-CoV, a Nalgene activity wheel (Nalge Nunc International, Rochester, NY) equipped with a magnetic switch with an LCD counter that records revolutions was placed in their cages overnight, with water and food available ad libitum. The time the hamsters spent in the cage with the activity wheel and the number of revolutions were recorded, and the latter was reported as an average number of revolutions per hour. Four hamsters were observed each night for five consecutive nights before immunization (days Ϫ7 to Ϫ3) and after immunization. Activity was recorded again before and after challenge with SARS-CoV Urbani. The statistical significance of the change in hamster activity following immunization and challenge was compared as least-squares means contrasts from a repeated-measures analysis of variance with a Bonferroni correction. The baseline activity level for hamsters prior to immunization was between 700 and 1,000 revolutions/h (Fig. 3A) . The activity level of the rSARS-CoV-⌬E-immunized hamsters did not change after immunization (P ϭ 0.32), but the activity level of the hamsters immunized with rSARS-CoV decreased to ϳ300 revolutions/h (P Ͻ 0.005). These data are consistent with our previous observation that rSARS-CoV-⌬E was attenuated compared to rSARS-CoV (2) and that activity was markedly reduced following SARS-CoV infection (8) . Three weeks after immunization, the baseline activity level for all of the groups Mann-Whitney U test). The lower limit of detection is 10 1.5 TCID 50 /g tissue. returned to the preimmunization level (Fig. 3B) . The activity of the mock-immunized hamsters decreased to less than 100 revolutions/h (P Ͻ 0.005) following challenge with SARS-CoV Urbani, while the activities of the hamsters immunized with rSARS-CoV (564 revolutions/h; P Ͻ 0.005) and rSARS-CoV-⌬E (608 revolutions/h; P ϭ 0.23) decreased only slightly. The decreased activity of the rSARS-CoV-immunized hamsters following challenge does not appear to be biologically significant, though it was statistically significant, presumably because of the variance around the mean.
Our data indicate that an engineered rSARS-CoV-⌬E strain did not cause clinical illness in hamsters, as measured by use of an activity wheel. We have previously shown that rSARS-CoV-⌬E is attenuated 20-to 200-fold in vitro and 100-to 1,000-fold in hamster lung or NT (2) . The lower pulmonary viral load was accompanied by less inflammation, consistent with the difference we observed with the activity wheel (2) . rSARS-CoV-⌬E elicited serum-neutralizing antibodies against both the homologous and heterologous viruses at levels comparable to those seen for rSARS-CoV. Neutralizing titers were about eightfold higher against the homologous virus than against the heterologous virus, reflecting the antigenic differences between the viruses (3).
Interestingly, immunization with rSARS-CoV-⌬E reduced the replication of the wild-type challenge viruses in the upper respiratory tract of hamsters and completely protected lungs against homologous and heterologous challenge. The observation of complete protection in the lower respiratory tract and partial protection in the upper respiratory tract is consistent with protection mediated by serum antibodies (10, 11) . Widespread eosinophilic pulmonary infiltrates described following challenge to mice vaccinated with an alphavirus expressing the SARS-CoV N protein (3) were not prominent in hamsters vaccinated with rSARS-CoV-⌬E. This is reassuring, because this live attenuated vaccine virus expresses the N protein in the context of the other SARS-CoV proteins. Following challenge with homologous or heterologous virus, the lungs of mockimmunized hamsters had focal intense inflammatory infiltrates and viral antigen was present. However, hamsters immunized with rSARS-CoV-⌬E or rSARS-CoV showed only mild focal infiltrates in the lungs and viral antigen was not detected.
These results correlated with the activity of the hamsters and the quantitative virological data. The ability of the rSARS-CoV-⌬E vaccine to protect against challenge with the heterologous virus GD03 is significant, because this virus strain is antigenically one of the most divergent strains from SARS-CoV Urbani; it clusters phylogenetically with the animal SARS-CoV isolates (3), and was selected as a representative of an animal SARS-CoV because if SARS were to reemerge, it would likely come from an animal source. Our data indicate that the rSARS-CoV-⌬E shows promise as a live attenuated vaccine. In addition, it could be used to produce an inactivated vaccine that may be safer to handle than virulent wild-type viruses. Evaluation of this vaccine candidate in other animal models is in progress.
